The axial anomaly leads to the violation of separate number conservation laws for left-and right-handed massless chiral (or Weyl-) fermions. For a certain class of gapless semiconductors, for which the low-energy band structure is described in terms of Weyl-fermions, the application of a magnetic field parallel to the electrical current is predicted to induce a large suppression of the electrical resistivity. To date, there is no concrete experimental realization of a Weyl semi-metal or unambiguous evidence for this field-induced phenomenon. Here, we report the observation of a very large negative magnetoresistance in the extremely clean quasi-two-dimensional metal PdCoO2. Our experimental study provides strong support for a scenario where this unconventional response results from the axial anomaly of field-induced quasi-one-dimensional conduction channels. The observation of this effect in PdCoO2 demonstrates that the axial anomaly is a general feature of the longitudinal magnetotransport of clean and weakly correlated three-dimensional metals.
The axial anomaly is a fundamental concept of relativistic quantum field theory, which describes the violation of separate number conservation laws of left and right handed massless chiral fermions in odd spatial dimensions due to quantum mechanical effects [1, 2] . In particular, when three dimensional massless Dirac or Weyl fermions are placed under parallel electric and magnetic fields, the number difference between the left and the right handed fermions vary with time according to the celebrated Adler-Bell-Jackiw formula [3, 4] ∂ t (n R − n L ) = e 2 EB 2π 2 2 .
Here, n R/L are the number operators for the right and the left handed Weyl fermions, with the electric and the magnetic field strengths respectively given by E and B.
The Dirac fermion describes the linear touching of twofold Kramers degenerate conduction and valence bands at isolated momentum points in the Brillouin zone. In contrast, the Weyl semimetal describes the linear touching of non-degenerate conduction and valence bands at isolated points. In a seminal paper, Nielsen and Ninomiya [5] first proposed that the axial anomaly may produce a large, negative longitudinal magnetoresistance, for a class of gapless semiconductors, for which the low energy band structure is described by massless Weyl fermions. The reason behind the axial anomaly causing a negative magnetoresistance is quite simple. The reason behind the axial anomaly causing a negative magnetoresistance is quite simple. At zero magnetic-field, if the prevalent relaxation mechanism is a small angle scattering process, it can be described by a smoothly decaying scattering potential which peaks at k = 0. But when an external magnetic field is applied, to equilibrate the number imbalance between the right and the left handed fermions resulting from the anomaly, one requires backscattering between both Fermi points at the large momentum transfer of 2k F (k F is the Fermi wave-vector). However, given the functional form of the scattering potential, backscattering at 2k F is likely to be considerably weaker hence the induced transport lifetime is likely to be considerably larger than its zero field counterpart, causing a decrease in the magnetoresistance. Recent theoretical proposals for Weyl semimetals [6] [7] [8] have revived the interest in the experimental confirmation of the axial anomaly through measurements of negative longitudinal magnetoresistance [9] [10] [11] [12] [13] [14] .
To date, there is no concrete experimental realization of a Weyl semimetal. However, there are examples of three dimensional Dirac semimetals [15] [16] [17] , which may be converted through Zeeman splitting into a Weyl semimetal. It is being actively considered whether the axial anomaly, as measured through negative magnetoresistance, can be an unambiguous evidence for identifying a Weyl semimetal. There are a couple of recent experimental reports of this effect, e.g. in Bi 1−x Sb x at the band inversion transition point between topologically trivial and nontrivial insulators, occurring at x ∼ = 0.03 [11] and Cd 3 As 2 [18] . For the former, based on the observation of a negative longitudinal magnetoresistance and its angular dependence, it was claimed that a field induced Weyl semimetal is realized due to the Zeeman splitting of the massless Dirac fermions present at the L points of the Brillouin zone.
In contrast to all prior claims in the literature, in this study we demonstrate that the emergence of axial anomaly and the concomitant negative magnetoresistance are not contingent upon the existence of an underlying three dimensional Dirac/Weyl dispersion. Instead, we show that the axial anomaly emerges as a generic feature of any three dimensional or quasi-two-dimensional metal due to magnetic field-induced quasi-one dimensional conduction channels. In three dimensions the Landau levels disperse only along the direction of the applied field, which gives rise to the quasi-one-dimensional conduction channels (see Fig. 1 ). But, the emergence of negative magnetoresistance depends crucially on the underlying relaxation mechanism and is likely to be observed only in the materials dominated by an elastic forward scattering mechanism caused by ionic impurities [19, 20] . We establish this novel but generic magnetotransport mechanism through detailed measurements in PdCoO 2 , which is a clean, quasi-two-dimensional and weakly correlated metal having no Dirac/Weyl dispersion in the absence of a magnetic field.
In effect, consider the low energy description of a one dimensional electron gas, in terms of the right and the left handed fermions obtained in the vicinity of the two Fermi points. In the presence of an external electric field E, the separate number conservation of these chiral fermions is violated according to
where n R/L respectively correspond to the number operators of the right and the left handed fermions [1, 2] .
In the presence of a strong enough magnetic field, the quantization of cyclotron motion leads to discrete Landau levels with one dimensional dispersion and degeneracy factor eB/h, as shown in Fig. 1 . Each partially occupied Landau level leads to a set of Fermi points, and the axial anomaly for such a level can be obtained from Eq. 2, after multiplying by eB/h. Therefore each level has an axial anomaly determined by the Eq. 1. When only one Landau level is partially filled, we have the remarkable universal result for the axial anomaly described by Adler-Bell-Jackiw formula of Eq. 1. For a nonrelativistic electron gas this occurs in the quantum limit (also see Fig. 1 (b) for a quasi-two dimensional system). In contrast, the similar situation for the Dirac/Weyl semimetals naturally occurs, when the Fermi level lies at zero energy. Therefore, we conclude that the axial anomaly is present
Electronic dispersion for three-dimensional and quasi-two-dimensional metals under an external magnetic field. a The dispersion of Landau levels for a conventional three-dimensional metal placed in an external magnetic field applied along the z -direction. Due to the underlying parabolic dispersion, each Landau level disperses quadratically as a function of kz, the momentum component along the applied field. Each partially occupied Landau level intersects the Fermi energy EF at two Fermi points, as indicated by the red dots. In the vicinity of the two Fermi points located at kz = ±kF,n for the n-th partially filled Landau level, the quasiparticles disperse linearly with opposite group velocities v±,n = ± kF,n/µ where µ is the effective mass. The ± signs of the group velocity respectively define the chirality of the right and the left moving one dimensional Weyl fermions. b In contrast, for quasi-two-dimensional metals the Landau levels possess periodic dispersion relation as a function of kz due to the tight binding term 2tc cos(kzd), with interlayer hopping strength and spacing respectively given by tc and d. Within the first Brillouin zone defined as −π/d < kz < π/d, each partially filled Landau level again gives rise to a pair of one dimensional Weyl fermions of opposite chirality around two Fermi points. The situation depicted here corresponds to 4tc < ωc, when only one Landau level is partially filled. c Same as in b but for 4tc > ωc, when multiple Landau levels are partially occupied, and each of them gives rise to a pair of Weyl fermions similar to a.
in every three dimensional system, irrespective of the sign of the magnetoresistance. On the other hand explicit calculations show that the axial anomaly can cause negative magnetoresistance only for the forward scattering mechanism(s) produced by ionic impurities [19, 20] . This occurs due to the field induced enhancement of the ThomasFermi screening [20] , or equivalently due to the increase in the degeneracy of the Landau levels. In this sense, our detailed experimental results indicate that PdCoO 2 is a metal that satisfies the important criterion of forward scattering. In this metal the Landau levels disperse periodically as shown in Figs. 1 (b) and 1(c), depending on the relative strength of the cyclotron energy ω c = eB/m and the interlayer transfer integral t c . PdCoO 2 crystallizes in the space group R3m(D 5 3d ), which results from the stacking of monatomic triangular layers. At T =298 K its hexagonal unit-cell parameters are a = b = 2.830Å, and c = 17.743Å. [21] The synthesis of the single crystals is described in the Methods section. According to band structure calculations [22] [23] [24] , which assumes a formal valence of +3 for Co atoms in a 3d
6 (S = 0) configuration, the Fermi level E F is placed between the filled t 2g and the empty e g levels. On the other hand, the Pd atoms have a formal valence +1 in a 4d
9−x 5s x configuration, with its triangular planes presumably dominating the conductivity, and leading to the highly anisotropic transport properties. For instance, the reported room temperature in-plane resistivity ρ ab of PdCoO 2 is just 2.6 µΩcm, making it perhaps the most conductive oxide known to date. At low temperatures ρ ab was reported to display an activated T -dependence, claimed to result from the gapping of the effective scattering due to phonon drag, while the inter-plane resistivity ρ c displays a Fermi-liquid like T 2 -dependence [25] . In PdCoO 2 de Haas van Alphen (dHvA) measurements [25] reveal a single, corrugated and nearly twodimensional Fermi surface (FS) with a rounded hexagonal cross-section, in broad agreement with both band structure calculations [22] [23] [24] and angle resolved photoemission measurements [26] . Due to its corrugation, Ref. 25 observes two dHvA frequencies differing approximately by 3 % around an average value F ∼ 30 kT. According to the Onsager relation, this corresponds to an average Fermi wave-vector k F = 2eF / = 9.547 × 10
m/s (where µ ≃ 1.5 is the carrier effective mass [25] in units of free electron mass). A comparison between the dHvA data and the band structure calculations suggests that the conductivity of PdCoO 2 is dominated by the Pd 4d electrons [25] . Recent measurements of ρ c (H) reveal an enormous enhancement of ρ c for fields along the [110]-direction, increasing by ∼ 35000 % at 2 K under H = 14T, with respect to its zero-field value, while not displaying the characteristic ρ(H) ∝ H 2 orbital magnetoresistive effect at higher fields [27] . This remarkable behavior can be reproduced qualitatively by semi-classical calculations, assuming a very small scattering rate, and is attributed to the destruction of inter-layer coherence due to the orbital motion of the charge carriers on the Fermi Surface, disappearing with a small planar rotation of H towards the [110] orientation [27] . In effect, most single crystals display in-plane residual resistivities ρ ab0 ranging from only ∼ 10 up to ∼ 40 nΩcm, which correspond to extremely long transport life times τ tr = µ/ne 2 ρ ab0 ranging from 20 down to ≃ 5.5 ps (e is the electron charge and n ≃ 2. 
-axis. Notice how the negative magnetoresistivity observed at low fields is progressively suppressed as θ increases, becoming strongly positive. Nevertheless, the mechanism leading to the negative magnetoresistivity is observed to overpower the orbital one at higher fields and higher angles. c Kohler plot for all curves shown in a. Red line is a linear fit, indicating that the negative magnetoresistance is linear in H at low fields.
mean free paths ℓ = v F τ tr ranging from ∼ 4 up to 20 µm [25] . However, the most important observation in Ref. 25 is the quasiparticle life-time τ extracted from the Dingle temperature, which in units of length becomes v F τ ∼ 0.6 µm. Hence, the transport life time is larger than the quasiparticle life time by at least one order of magnitude, which is a hallmark of an underlying forward scattering mechanism, see Ref. 20 . For a magnetic field along c axis ω c τ tr > 1, when H is roughly bigger than 1 T. In contrast, ω c τ > 1, for a magnetic field strength H > 10 T. Either estimation suggests the importance of the Landau quantization for understanding our experimental results over a wide range of field strength up to H ∼ 30 T. In addition 4t c > ω c , when H roughly exceeds 100 T, and for this reason Fig. 1 c with multiple partially occupied Landau levels describes PdCoO 2 for our experiments.
Figure 2 a displays our main experimental observation. At low temperatures and for fields parallel to currents applied along the inter-planar c-axis of a PdCoO 2 crystal, the magnetoresistivity or ∆ρ c = (ρ c − ρ 0 )/ρ 0 , where ρ 0 is the zero-field inter-planar resistivity, decreases pronouncedly (up to ∼ 70 %) under fields all the way up to 30 T. Given that PdCoO 2 is non-magnetic and very clean, this effect cannot be attributed to magnetic impurities. Furthermore, given the magnitude of the observed negative magnetoresistivity it cannot be explained in terms of weak localization [28, 29] . To support both statements in Fig. 2 b, we show ∆ρ c for a PdCoO 2 singlecrystal as a function of the magnetic field H applied along the [110] planar-direction and for several temperatures T . As clearly seen, and in sharp contrast to Fig. 2 a, as T decreases ∆ρ c (H) increases considerably, by more than 3 orders of magnitude when T < 10 K and for H > 15 T, thus confirming the absence of scattering by magnetic impurities or any role for weak localization. Notice also that ∆ρ c ∝ H 2 at low fields, which indicates that the inter-layer transport is coherent at low fields. [30] Figure  2 c depicts a simple Kohler plot of the magnetoresistivity shown in b, where the field has also been normalized by ρ 0 (T ), which indicates unambiguously, that the transverse magnetoresistive effect in PdCoO 2 is exclusively orbital in character and is dominated by the scattering from impurities/imperfections and phonons. [31] To understand these contrasting observations, one must bear in mind that Landau quantization is relevant for the negative magnetoresistance observed when H c-axis, while for the pronounced positive magnetoresistivity observed for H [110]-direction, charge carriers must follow open orbits on the Fermi surface. Figure 3 a depicts the temperature dependence of the inter-planar magnetoresistivity ρ c (H) for θ = 0
• or for − → H − → j c-axis, from a second crystal and where − → j is the current density, normalized by its zero-field value ρ 0 . ρ c is seen to decrease by a factor surpassing 60 % for fields approaching 9 T and for all temperatures below 30 K. [32] resulting from the corrugation of a two-dimensional Fermi surface. Notice how these peaks, which at low fields can be described by Lorentzian functions, become nearly Dirac deltas at high fields which is a reflection of the extreme purity of the single-crystal. b Inter-layer coherence peak observed for fields nearly along the inter-planar direction, which indicates an extended Fermi surface along the inter-layer direction. [34] From the width ∆θ of the peak at half maximum, one can estimate the value of the inter-layer transfer integral tc = 2.79 meV from Eq. 3 in the main text. c Inter-planar resistivity ρc as a function of H at T = 1.8 K and for two angles, i.e. the Yamaji value θn=1 = 23.0
• and θ = 22.7
• . Notice how the pronounced positive magnetoresistivity observed at θn=1 and at the highest fields is strongly suppressed (by one order of magnitude) when H is rotated by just ∼ 0.3
• leading to magnetoresistance saturation. d ρc as a function of H under T = 1.8 K and for θ = 21.5
• . Notice how ρc, after increasing by several orders of magnitude, displays negative magnetoresistivity at higher fields thus indicating a clear competition between the orbital and another magnetotransport mechanism which suppresses the magnetoresistivity. Notice also the observation of low-frequency, angle dependent Shubnikov de Haas oscillations.
ature T = 1.8 K, for a third single-crystal. As seen, for θ > 10
• the pronounced positive magnetoresistance observed at low fields, due to a classical orbital magnetoresistive effect, is overpowered at higher fields by the mechanism responsible for the negative magnetoresistivity. This negative magnetoresistive behavior is no longer observed within this field range when θ is increased beyond ∼ 20
• . Figure 3 c shows a Kohler plot, i.e. ∆ρ c /ρ 0 as a function of H normalized by the zero-field value of the inter-planar resistivity ρ 0 . As seen, all curves even the high temperature ones, collapse on a single curve indicating that a particular transport mechanism, at the origin of the anomalous magnetoresistivity, is predominant even at high temperatures where phonon scattering is expected to dominate. Red line is a simple linear fit, indicating that ∆ρ c /ρ 0 ∝ H at lower fields. Figure 4 a shows the inter-layer resistivity ρ c as a function of the angle θ between the field and the c-axis, for three field values, or 8, 25 and 30 T respectively. ρ c (θ) displays the characteristic structure for a quasi-twodimensional layered metal, namely a series of sharp peaks at specific angles θ n = arctan(π(n − 1/4)/ck F ) called Yamaji angles (where n is an integer, c is the inter-planar distance, and k F is the projection of the Fermi wave number on the conduction plane), for which all the orbits on the Fermi surface have an identical orbital area [32] . In terms of the energy spectrum this means that the Landau levels are non-dispersive, and cannot produce any Fermi points at the Yamaji angles [20, 33] . The sharp peak at θ = 90
• has a distinct origin, it is attributed to coherent electron transport along small closed orbits on the sides of a corrugated cylindrical Fermi surface. [34, 35] • between the magnetic field and the c-axis. At this angle, in addition to the large Fα ≃ 30 kT frequency associated with the cross-sectional area of the hexagonal Fermi surface, one also observes a small frequency F δ ≃ 180 T which is attributable to beating between both frequencies associated with FS extremal cross-sectional areas resulting from its corrugation [38] . b Frequency F δ as a function of the angle θ. Notice how F δ (θ) is progressively suppressed as θ → θn=1 = 23.0
• which corresponds to a Yamaji angle at which the effective corrugation of the Fermi surface, or the effective inter-layer transfer integral tc is renormalized to a value approaching zero. Hence, the high field crossover from positive to negative magnetoresistivity as function of the angle, relative to a Yamaji angle, is correlated with the emergence of a finite inter-layer coupling. Red and blue markers depict measurements on two different crystals.
The width of this peak ∆θ, shown in Fig. 4 b for several temperatures, allows us to estimate the interlayer transfer integral t c , [36] if one assumes a relatively simple Fermi surface corrugation along the k z -direction, through the expression:
Here the inter-planar separation d = c/3, since there are three conducting Pd planes per unit cell, each providing one conducting hole and therefore leading to 3 carriers per unit cell. This value is consistent with our Hall-effect measurements (not included here). The full width at half maximum of the peak at 90
• is ∆θ ≃ 0.78
• and E F is given by 2 k 2 F /2µ = 2.32 eV, therefore one obtains t c = 2.79 meV or ≃ 32.4 K. Figure 3 c displays ρ c as a function of H for two angles; the Yamaji angle θ n=1 = 23.0
• , respectively. As seen, ρ c (H) for fields along θ n=1 displays a very pronounced positive magnetoresistive, i.e. ρ c /ρ 0 increases by ∼ 550, 000 % when H is swept from 0 to 35 T. But ρ c /ρ 0 decreases by one order of magnitude when H is rotated from θ n=1 by just ∼ 0.3
• at 35 T. Furthermore, as seen in Fig. 4 d, at higher fields ρ c displays a crossover from a very pronounced and positive to a negative magnetoresistive behavior, by just further increasing θ with respect to θ n=1 . This is a very clear indication for two competing magneto-transport mechanisms, with negative magnetoresistivity overcoming the orbital-effect when the renormalized inter-layer group velocity (or the transfer integral t c ) becomes finite. We emphasize that for a conventional and very clean metal, composed of a single Fermi surface sheet, the magnetoresistivity should either be ∝ H 2 [30] or saturate as seen in quasi-twodimensional metals close to the Yamaji angle. [37] Notice also that ρ c displays Shubnikov de Haas oscillations at small and strongly θ-dependent frequencies which were not previously detected in Ref. 25 for fields nearly along the c-axis. As discussed in Ref. 38 these slow oscillations, observed only in the interlayer magnetoresistance of layered metals, originate from the warping of their Fermi surface and not from independent small cyclotronic orbits. Hence, one expects them to disappear when the group velocity, or the effective inter-layer transfer integral t c , vanishes at θ n .
To more clearly expose the origin of the oscillations at small frequencies, in Fig. 5 a we display the fast Fourier transform (FFT) of the oscillatory signal superimposed onto ρ c (H), acquired at an angle θ = 21.2
• and at T = 1.5 K. At this angle, one observes a clear frequency F δ ≃ 0.18 kT in addition to an ensemble of higher frequencies centered around 33 kT corresponding to the Fermi surface extremal-cross sectional areas, i.e. F α and F β , [25] and to interference effects, e.g. F α +F δ , etc. Their origin will be the subject of future studies. Fig. 5 b shows F δ as a function of the angle θ on a narrow angular range around θ n=1 . As seen, F δ → 0 as θ → θ n=1 which clearly demonstrates that i) F δ is associated with the corrugation of the Fermi surface and ii) that this corrugation (in first approximation given by t c ) vanishes at θ n . This is a very clear demonstration for the Yamaji-effect and correlates unambiguously, the negative magnetoresistivity with the emergence of a finite inter-planar coupling or with dispersive Landau levels.
In conclusion, our study clearly demonstrates that axial anomaly can have a significant impact on the magnetotransport properties of a generic three or quasi-two dimensional metal. Our simple theoretical picture suggests that the axial anomaly induced negative magnetoresistive effects will be the strongest in the quantum limit. In a generic metal with high carrier density, it is currently impossible to achieve the quantum limit. For the available field strength many Landau levels are populated, which produce Fermi points. For this reason, the observation of a negative longitudinal magnetoresistance up to 30 T when H j c, is not enough to establish the importance of the Fermi point and associated chiral anomaly. In this regard, an extremely pure layered material like PdCoO 2 is unique, where by just tilting the field in the vicinity of the Yamaji angle, we have achieved the condition of single partially filled Landau level, as it normally happens at the quantum limit. In this tilted configuration, the measured interplanar transport is composed of longitudinal and transverse magnetoresistance. But, the observations (i) of enormous positive magnetoresistance at the Yamaji angle when the Landau levels are non-dispersive, and (ii) how the negative magnetoresistance finally overwhelms this huge positive one with increasing field strength, and as we move away from the Yamaji angle, clearly show the importance of the Fermi points and associated axial anomaly for determining the high field transport properties of quasi-two-dimensional metals. Our studies in other very clean quasi-two-dimensional metallic systems confirms the universality of these observations. A similar negative longitudinal magnetoresistivity is also seen in kish graphite, which is characterized by ellipsoidal electron-and hole-like Fermi surfaces, prior to the onset of a many body instability towards a field-induced insulating density-wave ground state. This confirms the relevance of the chiral anomaly also for three-dimensional weakly correlated electronic systems. [39] METHODS Single crystals of PdCoO 2 were grown through the following solid state reaction PdCl 2 + 2CoO → PdCoO 2 + CoCl 2 with starting powders of PdCl 2 (99.999 %) and CoO (99.99+ %). These powders were ground for for up to 60 min and placed in a quartz tube. The tube was sealed in vacuum and heated up to 930
• C in a horizontal furnace within 2 h, and subsequently up to 1000
• C within 6 h, and then cooled down quickly to 580
• C in 1 or 2 h. The tube is heated up again to 700
• C within 2 h, kept at 700
• C for 40 h, and then cooled down to room temperature at 40
• C/h. Single crystals were extracted by leaching out CoCl 2 with hot ethanol. Single-crystals sizes of approximately 2.8 × 1.3 × 0.3 mm 3 . These were characterized by powder X-ray diffraction (XRD), energy dispersive X-ray analysis (EDX), and electron probe microanalysis (EPMA). The XRD pattern indicated no impurity phases. In the crystals measured for this study EPMA indicated that the ratio of Pd to Co is 0.98:1 and that the amount of Cl impurities is < 200 ppm. Transport measurements were performed by using conventional four-terminal techniques in cojunction with a Physical Properties Measurement System, a 18 T superconducting solenoid and a 35 T resistive-magnet, coupled to cryogenic facilities.
